BACKGROUND: Fomesafen provides control of glyphosate-resistant Palmer amaranth in cotton but frequent seedling injury has been reported. This study evaluated soil adsorption, desorption, and field persistence of fomesafen.
INTRODUCTION
Glyphosate-resistant and acetolactate synthase inhibitor-resistant Palmer amaranth (Amaranthus palmeri S. Wats.) in the southern USA has been consistently ranked as the most troublesome weed in multiple states and in multiple major row crops including cotton (Gosspium hirsutum), peanut (Arachis hypogaea) and soybean (Glycine max). 1 The expansion of herbicide-resistant Palmer amaranth has increased the use of soil residual herbicides for weed control in cotton production. These residual herbicides are considered crucial components of cotton weed control programs due to the lack of effective topical herbicide against resistant weeds. 2, 3 Fomesafen is a residual herbicide that provides effective control of glyphosate-resistant and acetolactate synthase inhibitor-resistant Palmer amaranth in US cotton and soybean. 2, 4, 5 Fomesafen belongs to the diphenylether herbicide family; the mechanism of action of this family is inhibition of protoporphyrinogen oxidase (PPO), which causes failure in chlorophyll production and accumulation of radical oxygen species in plant cells. 6 Although in recent years, Palmer amaranth has evolved resistance to PPO inhibitor herbicides, a recent study showed that the resistant population was still responsive to several PPO inhibitor herbicides such as fomesafen flumioxazin, saflufenacil and sulfentrazone. 7 Fomesafen is registered in cotton and soybean at rates of 280 to 420 g ai ha −1 by Syngenta Crop Protection, Inc. (Greensboro, NC, USA). 8 Fomesafen can be applied pre-planting incorporated (PPI), pre-emergence (PRE) and post-directed in cotton, and it controls many troublesome broadleaf weeds including pigweed (Amaranthus spp.), morning glory (Ipomoea spp.), jimsonweed (Datura stramonium L.), wild mustard (Sinapis arvensis L. ssp. Arvensis), black nightshade (Solanum nigrum L.) and ragweed (Ambrosia spp.). 8 Fomesafen is a weak acid with a pK a of 2.7. It has a solubility of 50 mg L −1 at pH 7 that decreases to < 1 mg L −1 at pH 1. 6 Guo et al. 9 tested the adsorption, desorption and mobility of fomesafen in six soils from China and noted that soil pH was more important than soil organic matter (OM) for adsorption; in addition, 44% to 81% of the adsorbed fomesafen was desorbed from these soils with one desorption process. Weber 10 reported that decreasing the suspension pH to 2 greatly increased adsorption of fomesafen by all sorbents studied (18% increase for H + -saturated soil OM, 50% increase for Norfolk sandy loam, 53% increase for Ca 2+ -saturated montmorillonite clay, 81% increase for Ca 2+ -saturated soil OM, and 81% increase for Drummer silt loam). Fomesafen adsorption to Drummer silt loam and Norfolk sandy loam increased by 4.1-and 11, 12 Therefore, increased soil adsorption on acidic soil surfaces may reduce fomesafen mobility and bioavailability due to the formation of hydrophobic bonds between the fomesafen molecule and the lipophilic sites on the organic colloidal surfaces. 10, 13 Previous research indicated that the fomesafen soil half-life (DT 50 ) varies dramatically under different environmental and soil conditions. Rauch et al. 14 reported that fomesafen field DT 50 was 28-66 days with an average of 50 days in a Madalin silty clay loam from New York. Mueller et al. 15 reported that the DT 50 of fomesafen in a Sequatchie loam from Tennessee was 45.6 days. Fomesafen dissipation under anaerobic conditions was < 3 weeks and its field persistence varied significantly with DT 50 from 180 to 360 days. 6 Because of its long soil persistence, fomesafen residue may injure susceptible crops such as corn (Zea mays L.), sugar beets (Beta vulgaris L.), sunflowers (Helianthus annuus L.) and sorghum (Sorghum bicolor L.) up to 1 year after application. 6, 14, 16 Leaching could be another major dissipation pathway for fomesafen from the surface soil. Weber 17 suggested that fomesafen movement occurred in irrigated soils. Fomesafen exhibited greater mobility in Norfolk sandy loam compared with Cape Fear sandy loam, Drummer silt loam and Oxisol clay, when they were irrigated with 1.25 cm d −1 of water for 40 consecutive days (50 cm total). Liming this Norfolk sandy loam from pH 5.3 to 6.8 caused fomesafen to leach sooner and in greater initial amounts. 17 Fomesafen mobility was negatively related to soil OM, humic matter, pH and cation exchange capacity. 17 Fomesafen was reported to have greater mobility in a Red-Yellow Latosol from Brazil, which has a lower OM content and higher pH, than a Red-Yellow Argisol used in the same study that contained higher soil OM. 18 Although there is published research regarding fomesafen adsorption, desorption and soil mobility, limited data are available to indicate fomesafen soil adsorption and desorption, field persistence, and effect of different soil characteristics on fomesafen bioavailability to sensitive crops. In addition, fomesafen application in cotton production areas has increased significantly in the past several years because of the rapid expansion of herbicide-resistant Palmer amaranth. Total usage of fomesafen in all cotton-producing states increased by 6.5 times from 2007 to 2015. 19 In Georgia, 18 573 kg of fomesafen was applied on 66 636 ha in 2007 and this increased to 85 164 kg on 304 330 ha by 2015. 19 However, cotton growers in the southern USA have frequently observed seedling injury, stunting and stand reduction caused by fomesafen application and little analytical data are available to address this issue. [20] [21] [22] Fomesafen has recently received a 24C special local need label for Palmer amaranth control in several vegetables in Georgia, such as watermelon, tomatoes, squash and pepper. However, because of its relatively long soil persistence, fomesafen carryover injury on the subsequent sensitive crop planted in the same bed has also been reported by Georgia vegetable growers who utilize plasticulture in their production. Therefore, more data are needed to predict its soil adsorption and desorption, bioavailability, and persistence to prevent unacceptable crop injury. The objectives of this experiment were: (i) evaluate fomesafen soil adsorption and desorption as affected by various soil properties, (ii) evaluate fomesafen persistence under field conditions in two Georgia soils commonly found in cotton and vegetable production area, and (iii) evaluate fomesafen field persistence in uncovered soil versus in soil covered with low-density polyethylene (LDPE) mulch in vegetable production.
MATERIALS AND METHODS

Adsorption and desorption
Seven distinct soils sampled from depths of 0-15 cm in the field were used to evaluate fomesafen adsorption and desorption (Table 1) . Three Georgia soils, and one each from Texas and Kentucky were included in the adsorption and desorption experiments because these soils represent the common soil types of major cotton growing regions in the southern USA where fomesafen is applied. Georgia soils typically have higher sand fractions and lower pH than other soils in this study. The Haxtun sandy loam from Colorado and Minidoka silt loam from Idaho were also chosen to evaluate fomesafen behavior in soils with high pH and low sand fraction. A commercial formulation of fomesafen sodium salt (Reflex ® 2SL, Syngenta Crop Protection, Inc.) was used to prepare the CaCl 2 stock solutions. For the adsorption experiment, 10 g of air-dried and sieved soil (using a #10, 2 mm sieve) was added to a 50-mL polypropylene centrifuge tube, and combined with 20 mL of 0.01 M CaCl 2 stock solution containing 1.3, 2.6, 5.2, 10.5 or 21 μg mL −1 of active ingredient of fomesafen. An adsorption kinetic experiment was conducted on Cecil sandy loam over a 24 h period using CaCl 2 stock solution containing 10.5 μg mL −1 of fomesafen to determine the time needed to reach adsorption equilibrium. The soil-herbicide mixture was shaken for 24 h at 22 ∘ C to reach equilibrium and data indicated that equilibrium was reached after 24 h of shaking. The mixed slurry was then centrifuged at 4000 r.p.m. (Beckman Model TJ-6 centrifuge, Indianapolis, IN, USA) for 5 min, and 2 mL of supernatant was filtrated with 0.25 μm nylon syringe filter (Fisher Scientific, Pittsburgh, PA, USA) prior to HPLC analysis. The concentration difference between the initial and final equilibrium solutions was used to calculate fomesafen soil adsorption. Each soil/fomesafen concentration combination had three replications, and the adsorption experiment was repeated twice over time.
Soil samples treated with CaCl 2 stock solution containing 2.6, 10.5 and 21 μg mL −1 fomesafen for the adsorption study were used to perform a desorption study. The supernatant was centrifuged and decanted after initial equilibrium was reached, air-dried overnight, then 20 mL of blank CaCl 2 solution without fomesafen was added to each tube and shaken 24 h to achieve a new equilibrium, which later was quantified with HPLC to calculate fomesafen desorption rate from soil. Preparation procedures for desorption experiment were similar to the adsorption study and final liquid samples were analyzed by HPLC. The fomesafen desorption process was conducted once only on the selected soil samples. The experiment contained three replications and was repeated twice over time.
The adsorption data were modeled to the logarithmic form of the Freundlich isotherms: 13, [23] [24] [25] log Cs = log K f + 1∕n log Ce ( 1 ) where Cs (μg g −1 ) is the amount of herbicide adsorbed at the equilibrium concentration Ce (μg mL −1 ); 1/n is a constant that characterize the isotherm nonlinearity. K f (μg 1-1/n g −1 mL 1/n ) is the Freundlich adsorption coefficient, an estimate of sorption capacity of each soil. K OC (adsorption coefficient normalized to the soil organic carbon content, in mL g −1 ) was calculated as:
where K d (pesticide distribution coefficient between soil and soil solution, in mL g −1 ) is calculated as:
K d was calculated based on an equilibrium point of 1.3 μg mL
initial concentration of fomesafen. OC% (organic carbon) was calculated based on laboratory soil OM analysis: OC% = OM% × 0.58 (4)
Fomesafen field dissipation
The first field experiment was conducted in 2013 to evaluate fomesafen persistence at Athens and Ty Ty, Georgia. Soil characteristics for these two soils can be found in Table 1 . Neither field was treated with fomesafen in 2012 and no detectable fomesafen was found in these fields at the initiation of this experiment. In this experiment, cotton cultivar 'DP1137B2RF' (Deltapine ® , Monsanto Co., St. Louis, MO, USA) was planted at both locations. Then, 280 and 560 g ai ha −1 of fomesafen (Reflex 2SL, Syngenta Crop Protection) were sprayed to field plots at Athens and Ty Ty, Georgia on 17 and 1 May 2013, respectively, immediately following cotton planting. Application was by backpack sprayer with four nozzle booms at 187 L ha −1 and sprayer calibration was performed before application. The plot size was 1.8 × 6.1 m. Conventional tillage was used for all locations in this experiment and there were no plant residues on the soil surface at application. The experiment was a completely randomized block design with four replications. Five soil samples were taken randomly from treated field plots of both locations using a soil sampler with a diameter of 10 cm and sampling depth of 0-7.5 cm; five samples were combined for each plot. Sampling timings were within 1 h after treatment, and then at 1, 2, 7, 14, 42, 56, 84, 98 and 126 days after application (DAT). After soil samples were taken, they were wrapped in aluminum foil immediately and kept frozen at −18 ∘ C until extraction.
In the second field experiment, raised beds (80 cm wide, 20 cm tall) were formed at Ty Ty, Georgia and drip irrigation was installed on every bed. No fomesafen residue from previous applications was found in blank samples collected from these beds prior to application. Fomesafen of 280 g ai ha −1 (Reflex 2SL, Syngenta Crop Protection) was applied on the formed beds on 6 March 2009 and 4 March 2010 using backpack sprayers at 187 L ha −1 . A different part of this field was used to conduct this experiment to prevent cross-contamination from the previous year's experiment. Immediately after spraying, 32-μm thick LDPE mulch was installed on half of the sprayed bed with the other half left uncovered. Watermelon (Citrullus lanatus) was transplanted to covered and uncovered plots after LDPE mulch installation. The experiment was a completely randomized block design with four replications for both covered and uncovered treatments. Only one rate of fomesafen was applied in this experiment. Each treatment (or ground cover type) consisted of four plots (each 0.76 m wide by 12 m long). Four soil samples of 10 cm diameter from 0-8 cm depth were randomly collected by a plug sampler from each plot, and mixed into a single sample for that plot. Holes made on the LDPE mulch were covered with tape after sampling. Soil samples were taken 13 times in 2009 (1 h after treatment, and at 1, 5, 11, 18, 25, 31, 45, 59, 74, 88, 118 and 150 DAT), and 12 times in 2010 (1 h after treatment, and at 1, 5, 11, 18, 32, 46, 60, 75, 89, 119 and 151 DAT). They were stored at −18 ∘ C in a freezer until extraction and detection using the methods described below. After HPLC analysis, the fomesafen concentration data for this experiment were converted to % of initial concentration at 1 h after application to better demonstrate dissipation of this herbicide in soil. Rainfall data were also collected at each experiment site by automated weather stations to assist data interpretation.
Sample extraction and fomesafen detection
Fomesafen soil samples were processed at the University of Georgia Athens campus. Field-collected samples were taken from the freezer, thawed for 4 h, and sieved using a 2-mm soil sieve. Soil moisture was measured for a batch of samples collected at the same location and the same timing by oven drying for 3 days at 50 ∘ C. Different weights of moist soil were measured to achieve 50 g dry soil. Fomesafen residue was extracted by shaking the entire 50 g dry weight equivalent of the moist soil sample in each 250 mL round-bottom flask with 100 mL of 50 : 50 HPLC grade water and dichloromethane plus 0.5% acetic acid for 2 h. The soil/fomesafen slurry sample was then poured into three 50 mL polypropylene tubes and centrifuged at 4000 r.p.m. for 5 min.
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The supernatant was transferred to a separation funnel, where the lower phase (dichloromethane) was collected in two 50-mL polypropylene centrifuge tubes. Dichloromethane in each centrifuge tube was evaporated to 25 mL, then combined and evaporated to dryness. Fomesafen residues was re-dissolved into 2 mL of 70 : 30 HPLC grade water and acetonitrile solution by sonication, then centrifuged at 14 500 r.p.m. for 2 min to remove impurities before HPLC detection. Fomesafen recovery efficiencies from Cecil sandy loam and Tifton loamy sand were 91% and 95% in the preliminary test when the initial fomesafen added in the soil was 1 ug g −1 . Fomesafen concentrations in each soil sample were corrected with recovery efficiency obtained from test extractions.
Fomesafen quantification was performed with Waters 2695 HPLC and Waters 2996 PDA detector. Separation was conducted by a Waters XTerra Shield RP18 column (4.6 × 250 mm, 5 μm; Waters Co. Milford, MA, USA) at 60 ∘ C, using gradient mobile phases of 0.1% formic acid in water (A) and acetonitrile (B). The flow program ratio was set as 62% A/38% B initially, and linearly decreased to 10% A/ 90% B in 7.5 min, then held isocratic for 2 min. Fomesafen was eluted at 6.95 min without interference. The system flow rate was 0.75 mL min −1 and the detection wavelength was 290 nm. The fomesafen quantification limit in soil was 2 μg kg −1 . The quantification limit of fomesafen in water or water + acetonitrile solution was 0.05 ug mL −1 .
Statistical analysis
There was no significant effect of experiment repetition over time, therefore, adsorption and desorption data were combined over the repetitions for analysis. Log conversion was conducted in SAS (Version 9.3, SAS Institute Inc., Cary, NC, USA) and converted data were fitted into a linear regression model (logarithmic form of Freundlich isotherms) using PROC REG procedure, to calculate K f and 1/n in the Freundlich isotherms. The PROC CORR procedure in SAS was used to conduct pairwise correlation to evaluate the effect of soil properties on fomesafen adsorption coefficient (K f ) and desorption. Pearson correlation coefficients and corresponding P-values are reported in Table 4 . To describe fomesafen field dissipation data, non-linear regression was performed using Sigmaplot 12.0 (Systat Software, Inc., San Jose, CA, USA) and a single first-order kinetic function,
where the responsive variable is the fomesafen concentration in soil samples (in ppm or % of initial concentration at 1 h after treatment); b 0 is the model-estimated starting value of fomesafen concentration in soil when time t is 0; b 1 is the dissipation rate of fomesafen (slope) and t is the time elapsed after fomesafen was applied (days). Fomesafen DT 50 in field persistence experiments was calculated as:
RESULTS
Fomesafen adsorption kinetics
Fomesafen adsorption was biphasic in nature, with 66% fomesafen in the solution rapidly adsorbed to Cecil sandy loam at 30 min when the starting fomesafen concentration in the solution was 10.5 μg mL −1 (Fig. 1) . Adsorption increased to 72% at 1 h, and then slowly increased to 76% after 8 h of continuous shaking. This was consistent with Guo et al. 9 who reported that fomesafen adsorption and desorption could reach equilibrium after shaking for 1 h. Exposing additional sorption sites on soil particles as a result of prolonged shaking could have caused the slow increase of herbicide sorption after the initial rapid phase.
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Adsorption and desorption
Fomesafen sorption on seven soils evaluated in this study is shown in Fig. 2 . Adsorption non-linearity occurred in this experiment because the value of 1/n ranged from 0.54 to 0.99 ( Table 2 ). The Freundlich adsorption isotherms equation provided a good description of data with r 2 ≥ 0.97 for all seven soils. Fomesafen adsorption was generally low for soils used in this study. The highest K f was recorded with Cecil sandy loam (9.28 mL g −1 ) and lowest with Tremona sand (1.30 mL g −1 ). Most of the soils examined (except for Cecil sandy loam and Greenville sandy clay loam) had K d values < 10 mL g −1 at an initial fomesafen concentration of 1.3 μg mL −1 , which indicates that fomesafen is not tightly bound to the surface in these soils and soil movement may be possible under some environmental conditions. The K OC of fomesafen varied from 58 to 1467 mL g −1 on the soils studied in this experiment. Typically, a hydrophobic molecule has a greater possibility of leaving the aqueous phase and forming strong hydrophobic bonds with OM in soil. If this process is relatively independent of other soil factors, then the K OC of this molecule will be relatively constant across a range of soils. 31 This was observed with flumioxazin soil adsorption, 30 in which OM had a significant impact on flumioxazin adsorption and the K OC of flumioxazin only varied 1.6-fold over six soils (from 116 to 200 mL g −1 ) because flumioxazin has low water solubility (1.78 mg L −1 ) and is not ionizable. 32 However, this is not the case for fomesafen because it is a weak acid (pK a of 2.7) with moderate water solubility (50 mg L −1 ), and its K OC varied 25.3-fold in this study (from 58 to 1467 mL g −1 ). These results suggest that OM is not be the major adsorptive fraction in the soil matrix and other soil properties (pH, sand, silt clay content, iron and aluminum oxide, etc.) might influence fomesafen adsorption.
Fomesafen desorption from the soils examined in this study varied between 10% and 81% following a 24 h desorption process (Table 3) . Fomesafen in the Cecil sandy loam, Greenville sandy clay loam, Sonora silt loam and Minidoka silt loam showed lower desorption rates than in the other soils studied, with only 11.06-29.11% of the adsorbed fomesafen being desorbed. The highest fomesafen desorption values were recorded for Tremona sand, Tifton loamy sand and Haxtun sandy loam, and 25.80-81.31% of the adsorbed fomesafen was desorbed from these soil types. Fomesafen was more readily desorbed from the soil surface at a higher initial concentration than a lower concentration. Similar findings have been reported by Morillo et al. 31 on norflurazon desorption from 17 European soils and by Pusino et al. 12 on imazapyr desorption from six Italian soils; these two herbicides also demonstrated a high desorption rate at high initial concentrations.
Pairwise correlation ( Table 4 ) results suggested that soil pH and clay content played a significant role during adsorption. Pearson's correlation coefficient for pH and clay to K f was −0.6832 and 0.6444, with corresponding P-values of 0.0006 and 0.0016. This indicated that pH and clay were more important than other soil properties for fomesafen adsorption. Previous studies have confirmed that soil pH was more important than OM during fomesafen soil adsorption. 9 Low pH decreases fomesafen water solubility and increases its affinity to soil OM due to the formation of hydrophobic bonds between the fomesafen molecule and lipophilic sites on the organic colloidal surfaces. 13 Therefore, pH was inversely correlated with fomesafen adsorption in this study (Table 4) . For desorption, all soil parameter listed in Table 4 were significant except for cation exchange capacity. OM (−0.6306) and sand fraction (0.5812) had the greatest impact on fomesafen desorption, followed by pH (0.4922), silt (−0.4883) and clay (−0.4502). Sand fraction and soil pH were positively related to desorption, whereas while silt, clay and OM were negatively related to desorption, wileyonlinelibrary.com/journal/ps a PROC CORR procedure in SAS was used to conduct pairwise correlation in order to evaluate the effect of soil properties on fomesafen adsorption coefficient (K f ) and desorption rate. P-values bold indicate significant correlation at P = 0.05. Desorption rates were calculated using 2.6, 10.5, and 21 μg mL −1 initial fomesafen concentration. CEC, cation exchange capacity.
which indicates fomesafen leaching potential and bioavailability may be increased in alkaline soils with a high sand fraction and low OM content. Higher fomesafen mobility has been reported in a Norfolk sandy loam compared with other soils with higher OM and a lower sand fraction. 17 Moreover, liming this Norfolk soil increased fomesafen mobility.
Fomesafen field dissipation
The first field dissipation experiment revealed significant differences among fomesafen dissipation rates in Cecil sandy loam and Tifton loamy sand (Fig. 3) . The DT 50 values for the 280 and 560 g ai ha −1 treatment were 47 and 34 days respectively for Cecil sandy loam. In Tifton loamy sand, DT 50 values were 6 and 4 days, respectively, for the 280 and 560 g ai ha −1 treatments (Table 5 ). Fomesafen residues from the 280 and 560 g ai ha −1 treatments were detectable up to 126 DAT in Cecil sandy loam but were not found in Tifton loamy sand by 28 DAT. Least significant difference analysis indicated that the dissipation rate (b 1 ) varied significantly between soils and rates (Table 5 ). Cumulative rainfall from 0 to 7, 0 to 30 and 0 to 126 DAT at Athens (Cecil sandy loam) and Ty Ty (Tifton loamy sand) field trial sites were 88.4 and 31.0, 104.6 and 75.2, and 753.8 and 717.3 mm, respectively. Both locations received their first rainfall within 72 h after application, whereas the Athens trial received 2.85 times more precipitation within the first 7 DAT. The average maximal daily temperature during 0-30 DAT at the Athens and Ty Ty field trials was 24.9 and 27.2 ∘ C, respectively. Therefore, quicker dissipation rates in Tifton loamy sand were not likely due to differences in rainfall or temperature between these two locations. Dissipation of herbicide in soil and on plants was dependent on the physicochemical properties of the herbicide and environmental conditions. 33 Differences in soil dissipation have been reported for diphenylether herbicides such as fomesafen. Fomesafen DT 50 varied from 180 to 360 days under field conditions 8 and the DT 50 of three diphenylether herbicides (chlornitrofen, nitrofen and chlomethoxynil) varied from 9 to 173, 3 to 87 and 8 to 64 days, respectively, in six Japanese soils. 34 Low K d and K f , and a higher desorption rate in Tifton loamy sand, compared with Cecil sandy loam, may have resulted in the dissipation differences between these two soils.
In the second field dissipation experiment, the fomesafen dissipation rate was significantly slower under LDPE mulch than in bare ground for in both 2009 and 2010 studies (Table 6 , Fig. 4) . DT 50 of Table 6 ). The total rainfall during 2009 and 2010 the field experiments was 780 and 520 mm, respectively. However, accumulated rainfall during the first 30 days of the experiment was 429 mm in 2009, compared with 51 mm in the first 30 days in 2010. Greater rainfall in the first 30 days of the 2009 experiment may explain the quicker fomesafen dissipation observed in bare ground plots, which indicated that leaching might be an important dissipation pathway for fomesafen in that year. Fomesafen has been found to have noticeable leaching potential by previous research. Costa et al. 18 reported moderate mobility of fomesafen in three soils up to a depth of 15-20 cm in leaching columns. Fomesafen leaching was affected mainly by soil types, OM and soil pH in their study. 18 As indicated by the results of fomesafen laboratory incubation experiment from Porter et al., 35 fomesafen is relative persistent to microbial degradation with a DT 50 of ∼ 100 days in Tifton loamy sand. Considering that fomesafen is not readily degraded in this soil and LDPE mulch prevents water penetration directly during rainfall, it is reasonable to speculate that faster dissipation rates in bare ground plots were mainly caused by leaching a Single first-order kinetic model f (x) = b 0 e −b1(x) was used for regression. SEM, standard error of the mean. Soil samples were taken from a depth of 0-7.5 cm. b Means followed by the same letter are not significant at 0.05 level using LSD separation. c DT 50 , days required for 50% herbicide dissipation. and the physical movement of fomesafen deeper into the soil profile beyond sampling depth, rather than microbial degradation.
DISCUSSION
Fomesafen may possess greater mobility and bioavailability to crops if applied to soils with a high sand fraction, high pH and low OM, as indicated by the results of this study. In this scenario, the fomesafen concentration in soil solution is high because of less adsorption. Bioavailable fomesafen in soil solution can be readily taken up by cotton seeds during germination and cause seedling injury. This injury problem could be worse if seeds are planted too deep in the soil, which allows longer exposure of the cotyledon and hypocotyl to fomesafen residues in soil solution. 36 Growers need to be cautious about potential crop injury in soils that show weak adsorption to fomesafen, especially when fomesafen is applied PRE at high rates or in combination with other residual herbicides. Low seed vigor, deep planting, and heavy rainfall after planting, but before seedling emergence may aggravate this problem. Cotton bioassay grown in the same experiments from which soil samples were taken to study fomesafen field persistence indicated that cotton exhibited greater sensitivity to fomesafen in Tifton loamy sand than in Cecil sandy loam. 37 Fomesafen application at 1120 and 2240 g ai ha −1 reduced cotton seedling height by 17% and 41% respectively compared with non-treated check in Tifton loamy sand. A fomesafen application rate of 2240 g ai ha −1 reduced cotton yield by 29% in Tifton loamy sand, but no height or yield reduction was observed with any rate of fomesafen applied to Cecil sandy loam in that study. 37 These field observations could be explained by weaker fomesafen adsorption to Tifton loamy sand than Cecil sandy loam found in this study. Previous research also indicated that cotton exhibited most injury when fomesafen was applied PRE, while PPI application and strip-tillage after application could effectively reduce the injury of fomesafen and other PPO inhibitors to cotton. 2, 38 These findings indicated that mechanical incorporation may have reduced herbicide concentrations in surface soil and reduced potential injury to cotton seedlings. Microbial degradation may have a significant role in fomesafen dissipation. 39, 40 Porter et al. 35 have reported DT 50 of fomesafen varied from 80 to 128 days in Tifton loamy sand when the treated surface soil was incubated under aerobic conditions in laboratory incubator. The mean DT 50 was 100 ± 20 days in that study, which was considered moderately persistent. Some bacterial strains capable of degrading fomesafen and other diphenyl ethers have been isolated from soil and have shown promise to degrade fomesafen in culture medium. 39, 40 Costa et al. 18 reported that fomesafen DT 50 values in conventional tilled and no-till fields were 99 and 114 days, and 60 and 71 days, respectively. Considering that fomesafen is fairly tolerant to microbial degradation and moderately persistent in the field, the differences in fomesafen field dissipation between two Georgia locations in this study may be mostly explained by different levels of fomesafen retention to these two soil types (K f ), rather than by other factors such as biological degradation, temperature and rainfall.
Previous studies have confirmed that halosulfuron and S-metolachlor dissipation was more rapid in bare soil than in soil under LDPE mulch. 41 The dissipation of linuron, pendimethalin, chorobromuron and flurochloridone was decreased when applied to soil under perforated polyethylene tarp compared with in bare ground. 42 In this study, the fomesafen dissipation rate was significantly reduced in soil under LDPE mulch compared with the bare ground scenario in both years of the study because LDPE mulch may reduce or prevent photolysis, volatility loss, leaching and surface run-off of pesticides, and considering that fomesafen was not very susceptible to biological degradation in this soil. 35 Greater fomesafen dissipation rate in bare ground plots in the 2009 experiment compared with LDPE mulch-covered plots in that experiment suggested that leaching caused by rainfall may play a significant role in fomesafen field dissipation. Because of wileyonlinelibrary.com/journal/ps Table 6. the limitations of the sampling method and depth in this study, this assumption cannot be directly verified. Further investigation is needed to evaluate field leaching potential of fomesafen in US cotton-growing areas and correlate those data to surface persistence to elucidate fomesafen dissipation from soil surface. In vegetable production in the southern USA where LDPE mulch is widely used, growers typically use the same LDPE mulch on raised beds for three or four vegetable crops before removing them to save production costs. Fomesafen applied to a raised bed and covered by LDPE may persist beyond one crop and potentially injure sensitive crops planted later due to a lack of leaching and relatively slow microbial degradation. The results from this study may provide insight into this complex problem and help growers make better management decisions in future. Based on the results of this study, it is reasonable to speculate that long fomesafen persistence and the greater possibility of carryover injury to sensitive crops planted in the same year (e.g., fall vegetables) may occur in soils with lower pH and higher soil clay content, particularly when environmental conditions are unfavorable for microbial degradation.
CONCLUSION
Fomesafen adsorption and desorption were affected by multiple soil characteristics such as pH, OM, sand, silt and clay content. Fomesafen persistence in surface soil was significantly longer in Cecil sandy loam compared with Tifton loam sand, possibly due to the 5.46 times higher K f of Cecil sandy loam. Fomesafen field persistence was increased under LDPE mulch compared with in bare soil, which indicates that leaching in this study might be a major dissipation pathway because LDPE mulch inhibits photolysis, volatilization and surface run-off. Fomesafen injury to a sensitive crop may be increased in soils with lower pH and higher clay content.
